Abstract: Danckwert's method was used to determine the specific interfacial area, a, and the individual mass transfer coefficient, k L , during absorption of CO 2 in a bubble column with an anionic surfactant in the carbonate-bicarbonate buffer solution and NaAsO 2 as catalyst, the presence of which decreases the specific interfacial area and the individual mass transfer coefficient. The specific interfacial area and the individual mass transfer coefficient increase with increasing superficial gas velocity. The specific interfacial area decreases whereas the individual mass transfer coefficient increases with increasing temperature. The results of experiments were used to determine the dependence of a, k L , and k L a on the surface tension, the temperature of the absorption phase, and the superficial velocity of the gas. The calculated results from the correlation were found to be within 10% deviation from the actual experimental results.
INTRODUCTION
Bubble columns are widely used in the chemical industry where heterogeneous gas-liquid or gas-solid reactions take place, particularly, in which the liquid phase controls mass transfer processes due to the relative insolubility of gases (Vázquez et al., 2000; Lye and Stuckey, 2001 ). Important applications of bubble columns include oxidation, hydrogenation, ozonolysis, alkylation, column flotation, wastewater treatment, etc. (Yang et al., 2001; Wu et al., 2002) .
The design parameters for bubble columns are: gas-liquid specific interfacial area, a, individual mass transfer coefficient, k L , flow regime, bubble size distribution, and coalescence of bubbles. Most studies on bubble columns were devoted to the experimental determination of some of these parameters, and more specifically, of the volumetric mass transfer coefficient, k L a, which depends fundamentally on the superficial gas velocity and on the physical properties of the absorption phase. Numerous correlations have been proposed for the superficial velocity of the gas as well as for the viscosity of the liquid phase (Joshi, 2001; Mitsuharu et al., 2001) , but correlations for the surface tension of the liquid phase are seldom investigated.
The most frequently used chemical method for determining k L and a is the Danckwerts method (Vázquez et al., 2000; Cents et al., 2001 ) based on the absorption of CO 2 in carbonate-bicarbonate buffer solutions. The major advantage of this chemical absorption method over a physical absorption technique is that, when the reaction is fast enough, the bulk concentration of the dissolved gas is negligible which simplifies the determination of driving force for mass transfer calculation (Cents et al., 2001) . As a result, it allows for determination of the mass transfer parameters of k L and a to be accurate during stationary conditions.
In this paper, k L and a were determined (by Danckwerts method) from a system of CO 2 absorbed by Na 2 CO 3 -NaHCO 3 (0.5-0.5 mol/L) buffer solution with NaAsO 2 as catalyst, and an anionic surfactant, dodecyl benezene sulfonic acid sodium (DBS), as surface tension modifier. The k L , a, and k L a were then correlated to a function of temperature, superficial gas velocity, and surface tension of the liquid phase.
THEORY
The chemical method proposed by Danckwerts (Vázquez et al., 2000; Cents et al., 2001) used to calculate k L and a requires that the gas absorbed undergoes a moderately fast pseudo-first-order reaction with some of the solutes in the liquid phase. Under these conditions, the absorption rate is given by: (Hikita et al., 1976; Vázquez et al., 2000) :
OH 2985 lg 13.635
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The rate-constant of catalytic Eq.(4) at various temperatures, k C (L/mol⋅s), can be calculated by the Nernst equation taking activation energy as 47.4 kJ/ mol (Danckwerts, 1970) and rate-constant as 350 L/mol⋅s at 298.15 K (Cents et al., 2001) . The results are listed in Table 1 .
The equilibrium constant of Eq. (5), k 2 (L/mol), can be calculated as (Hikita et al., 1976; Vázquez et al., 2000; Cents et al., 2001) : [HCO ] k
Under certain conditions, the absorption of CO 2 by carbonate-bicarbonate buffer solution catalyzed by sodium arsenite can be considered as pseudo-first-order reaction with rate-constant k 1 (s −1 ). The global reaction is:
For Eq. (13) to be pseudo-first-order, it is necessary that the concentrations of from the liquid bulk to the interface. Therefore, the following condition must be fulfilled (Vázquez et al., 2000; Cents et al., 2001 ):
Under the experimental conditions, the maximum value of left-hand term of Eq. (14) is 0.022 taking the relevant data from Tables 1−4, shown the criterion of Eq. (14) is well satisfied in the experiments.
According to Eqs.(2)−(4), the rate-constant of Eq. (13), k 1 , is given by:
where k 0 (s −1 ) and k C (L/mol⋅s) are the contributions Table 3 Solubilities of CO 2 in absorption phase Under the experimental conditions, k 0 can be calculated through Eqs.(7)−(12). The results are listed in Table 1 .
As shown in Table 1 , the advantage of this method is that the appreciable differences of k 1 can be obtained using very small catalyst concentrations, thereby, not affecting the physical properties of the absorption phase.
MATERIALS AND METHODS

Mass transfer measurements
Mass transfer measurements were carried out using the apparatus shown in Fig.1 . soap-film meter; 6: barometer; 7: bubble column reactor; 8: thermometer; 10: gas out A bubble column with height of 60 cm (7) was used as the contact device, made of glass cylindrical tube, sealed with rubber cap and o-ring. The internal and external diameters of the column are 10.2 cm and 10.8 cm, respectively.
The absorption phases used (0.5-0.5 mol/L sodium carbonate-bicarbonate buffer solutions with sodium arsenite as catalyst, and DBS as surface tension modifier) were thermostated before CO 2 gas was introduced into the contact device. For each batch run, the liquid load was 3.5 L. The concentration ranged from 0 to 0.008 mol/L for sodium arsenite, and from 0 to 5 mg/L for DBS.
The pure CO 2 gas (1) to be absorbed was passed through a humidifier (2) and then entered the contact device (7) at a constant flow rate measured with a soap-film meter (5). Gas outflow through the outflow port in the top-plate was measured with another soap-film meter (9) before the gas released into the atmosphere. The gas absorption rate was calculated as the difference between inflow and outflow rate. In the experiments, inflow was between 4.7×10 −4 mol/s and 11×10 −4 mol/s.
Physical properties
Interpretation and correlations of the mass transfer data obtained require knowledge of the densities, ρ (kg/m 3 ), viscosities, µ (kg/m⋅s), and surface tensions, σ (N/m), of the liquid phases, as well as the solubilities and diffusivities of the gas in absorption phases. The densities and viscosities of the sodium carbonate-bicarbonate buffer solutions, with surfacetant and sodium arsenite, were measured at 298.15 K using a Gay-Lussac type pycnometer and an Ubbelohde viscometer, respectively. However, neither of these properties differed significantly from the values for the buffer solutions: ρ=1042 kg/m 3 and µ=1.29×10 −3 kg/m⋅s.
The surface tension was determined by a stalagmometer. The surface tensions of the solutions at 298.15 K are listed in Table 4 .
The diffusivity of CO 2 in buffer solution of Na 2 CO 3 -NaHCO 3 , D d , can be estimated from the diffusivity of CO 2 in pure water, D w (m 2 /s), by the following equation (Hikita et al., 1976; Vázquez et al., 2000; Cents et al., 2001 ):
where C i is concentration of electrolyte i (Na 2 CO 3 or NaHCO 3 ) in buffer solution (mol/L); and ξ i is function of temperature for electrolyte i which can be estimated by:
0.030 0.550
the coefficient, ω i , can be estimated from the viscosity of pure water and solution of electrolyte i as: where µ w and µ i are the viscosity of pure water and solution of electrolyte i, respectively. The diffusivities of CO 2 can then be calculated at various temperatures using D W (Perry and Green, 1997) as listed in Table 2 .
The solubilities of CO 2 in buffer solutions with DBS and/or sodium arsenite, due to the electrolytic nature, were calculated from Eq. (19) proposed by Danckwerts and Gillham (Hikita et al., 1976; Cents et al., 2001) for solutions containing more than one electrolyte:
where I i and K si (L/mol) are the ionic strength and the salting out parameter for electrolyte i (Na 2 CO 3 or NaHCO 3 ), respectively; and C e is the solubility of CO 2 in pure water (mol/L). In Table 3 , the values of I i were calculated from the experiments, K si was taken from Danckwerts (1970) , and C e was taken from Perry and Green (1997) . It was proved that the addition of sodium arsenite affected neither the diffusivity nor the solubility of CO 2 due to its low concentration.
RESULTS AND DISCUSSION
The absorption rate of CO 2 , n (mol/L), depends on the superficial gas velocity, u G (m/s), and the concentration of catalyst and surfactant, as Fig.2 showing that n, the plateau value of the absorption curve, increases with increasing concentration of catalyst, and decreases with increasing concentration of DBS.
When the absorption rate of CO 2 was evaluated, the specific interfacial area, a, and the individual mass transfer coefficient, k L , were determined by Danckwerts method. In accordance with this method, Fig.3 shows N 2 plotted versus k 1 for one of the superficial gas velocities and for different temperatures, whereas Fig.4 shows N 2 plotted versus k 1 for one of the temperatures and for different superficial gas velocities; Fig.5 shows N 2 plotted versus k 1 for one of the temperatures and for different surface tensions. The Danckwerts plots of Figs. 3, 4, and 5 show excellent linearity, implying that this method can be used for determining a and k L simultaneously, whose values are listed in Table 4 . Table 4 shows that the specific interfacial area, individual mass transfer coefficient and volumetric mass transfer coefficient apparently depend on the temperature, superficial gas velocity, and aqueous surface tension.
a decreases, but k L and k L a increase with increasing temperature. When temperature increased, the decreased surface tension of the solution caused a to decrease, whereas the increased molecular random movement caused the k L to increase.
When the gas flow rate or superficial gas velocity decreased, the gas hold-up decreased, which caused a, k L , and k L a to decline.
a, k L , and k L a decreased with increasing concentration of DBS, or decreased with decreasing of surface tension. This reduction may be attributed to the effect of the surface-active agent, which can reduce the interfacial movement when it occupies part of the surface of the bubble. Furthermore, the surface concentration of the surfactant increases with the surfactant concentration in the liquid bulk (Vázquez et al., 1997; Joshi, 2001) .
Using non-linear least square regression to analyze the experimental results in Table 4 , the specific interfacial area, individual mass transfer coefficient, and volumetric mass transfer coefficient can be correlated with temperature, superficial gas velocity, and surface tension as follows: 
CONCLUSIONS
In this study, the presence of the surfactant induced reduction of the specific interfacial area and the individual mass transfer coefficient. Both specific interfacial area and individual mass transfer coefficient increased with increasing superficial gas velocity. The specific interfacial area decreased, whereas the individual mass transfer coefficient increased with increasing temperature.
The specific interfacial area, individual mass transfer coefficient, and volumetric mass transfer coefficient were well correlated with temperature, superficial gas velocity, and surface tension with a deviation within 10% using non-linear least square regression analysis. 
